patients with Kümmell disease with spinal canal stenosis were enrolled in this study. Each patient was treated with bone cement-augmented short-segment fixation and posterolateral bone grafting, and posterior decompression was performed when needed. All patients were followed up for 12-36 months. We retrospectively reviewed outcomes, including the Oswestry disability index (ODI), visual analog scale (VAS) score, anterior and posterior heights of fractured vertebrae, kyphotic Cobb angle, and neurological function by Frankel classification.
Background
Kümmell disease as a complication of osteoporotic vertebral fracture (OVF) is increasingly common [1, 2] . Although most OVFs can be treated conservatively with bed rest, analgesics, and use of a brace, approximately 10% or more develop nonunion [3, 4] . This figure may not represent the true incidence because many asymptomatic or unrecognized cases are not included. Since Kümmell first described the condition in 1891, the literature has referred to Kümmell disease as delayed osteonecrosis after trauma [5] [6] [7] ,nonunion of compression fracture [1, 8, 9] , delayed collapse of OVF [10, 11] , intravertebral pseudarthrosis [12, 13] , and vertebral vacuum sign [14, 15] . Although the concept and diagnosis of Kümmell disease are ambiguous, more cases have been recognized with advances in radiographic evaluation of vertebral status, particularly with magnetic resonance imaging (MRI) [16] .
No standard or single effective treatment for Kümmell disease exists. Nonsurgical treatment includes bed rest, lumbar traction, use of a brace, analgesics, drugs for osteoporosis, and osteoanabolic therapy. In general, conservative treatments have usually been less effective, and carry a risk for delayed neurological deficits [17, 18] . Most surgeons have suggested that Kümmell disease should be treated by operative intervention. Various surgical options have been developed, including percutaneous kyphoplasty (PKP), percutaneous vertebroplasty (PVP), and anterior-only, posterior-only, and combined anterior and posterior procedures [19] [20] [21] [22] . For stages I and II Kümmell disease, PKP and PVP have achieved good pain relief, vertebral body height restoration, and kyphosis deformity correction [23] [24] [25] . For stage III patients with spinal canal stenosis, particularly those with nerve damage, PKP or PVP are not effective, and have a high risk of cement leakage, with the potential risk of severe neurological damage. Traditional anterior or posterior decompression with bone grafting, and combined anterior and posterior procedures have been described, but the surgery is prolonged, with more blood loss and multiple complications [19] [20] [21] [22] . Therefore, a safe, effective, and less invasive treatment approach for Kümmell disease is needed. Satisfactory results have been achieved with bone cement-augmented percutaneous short-segment screw fixation in patients with severe osteoporosis [26] . However, no study has investigated the efficacy of this procedure for Kümmell disease with spinal canal stenosis. This procedure is less traumatic than internal fixation surgery alone and may be very beneficial in elderly patients with comorbidities.
We report our experience of treatment for Kümmell disease using bone cement-augmented short-segment pedicle screw fixation. This study aimed to explore the clinical efficacy of the surgical procedure in treating Kümmell disease with spinal canal stenosis.
Material and Methods

Ethics statement
This retrospective study was approved by the Ethics Committee of Honghui Hospital Affiliated to Xi'an Jiaotong University. Written consents were obtained from all patients.
Patients
From June 2012 to June 2015, 18 patients with stage III Kümmell disease with posterior wall collapse and spinal canal stenosis were studied in our center. There were 7 men and 11 women, with a mean age of 71.7 years (range: 58 to 82 years). The patients had different degrees of osteoporosis, and the lumbar spine bone mineral density T score ranged from −2.7 to −4.5 standard deviation (SD), with mean of −3.6 SD. Fourteen cases had minor injuries (9 due to falls and 5 from lifting weights). The symptom duration in 18 patients ranged from 1 to 7 months, with a mean of 3.7 months. All had severe back pain relieved or aggravated by positional changes. All underwent conservative treatment for at least 1 month before admission. Twelve patients had a neurological deficit, with pain, numbness, or weakness of the lower limbs. Seven had hypertension, 3 had diabetes mellitus, and 2 had heart disease. The levels of diseased vertebrae were as follows: L2 (2 cases), L1 (3 cases), T12 (8 cases), T11 (3 cases), T10 (1 case), T9 (1 case). Each patient had only 1 affected vertebral body. Neurological function was divided into B (2 cases), C (4 cases), D (6 cases), and E grades (6 cases), based on the Frankel classification. The general patient data are shown in Table 1 . All patients underwent X-ray, MRI, and computed tomography (CT) imaging preoperatively. Radiographs demonstrated burst fractures with a vacuum phenomenon in all patients ( Figure 1A, 1B ). An intravertebral vacuum cleft (IVC), sclerosis at the fracture edge, posterior wall breakage, and spinal canal stenosis were confirmed with CT ( Figure 1C, 1D ). MRI showed a limited fluid or gas signal and spinal cord compression ( Figure 1E, 1F) . The disease was diagnosed by combining the results of the clinical examination and radiologic findings. Patients with previous spine surgery, infection, or tumor were excluded.
Surgical procedures
All patients were placed in a prone position on the operating table and underwent surgery under general anesthesia. Pillows were placed under the affected vertebral segment to enable spinal column hyperextension. This position was conducive to recovery of the vertebral height. A posterior midline approach was used to expose the spinous processes, lamina, and facet joint; 6 pedicle screws were inserted bilaterally into 1 level above, 1 level below, and the collapsed vertebra itself, and then 2 rods were used to obtain further recovery of the vertebral height. Wide decompressive laminectomy of the diseased vertebra was necessary for patients with neurological deficits, and intraoperative exploration showed no spinal cord compression. Polymethylmethacrylate bone cement was injected slowly when it became doughy and could stand at the tip of the bone cement inserter; this process was monitored under fluoroscopic control in the lateral plane. The cavity of the IVC was filled with cement postoperatively. Autogenous bone grafts or allografts were used to facilitate posterolateral fusion. A cross-link was used routinely in each patient. The incision was rinsed and hemostasis achieved. The wound was closed using a layer-to-layer suture.
Effectiveness evaluation
All patients underwent X-ray, MRI, and CT preoperatively, as well as anteroposterior and lateral X-rays postoperatively and during follow-up. Postoperative CT or MRI was performed selectively according to the patient's condition. Kyphotic Cobb angles and anterior and posterior heights of fractured vertebrae
were measured with a lateral X-ray. Back pain was assessed with the visual analog scale (VAS) score. Impact on the patient's daily life was assessed using the Oswestry disability index (ODI). Neurological function was assessed with the Frankel classification. Preoperatively, one day after surgery, and at the final follow-up, the measurement of VAS score, ODI, anterior and posterior heights of fractured vertebrae, kyphotic Cobb angle, and neurological function were used to evaluate changes. Additionally, Intraoperative and postoperative complications were recorded.
Statistical analyses
All analyses were performed using IBM SPSS Statistics for Windows, version 19.0 (IBM Corp, USA). All data were expressed as mean ± SD. The paired t-test was performed to compare the differences in every index between 2 time points in this study. P<0.05 was considered statistically significant. Table 1 . General data of patients.
BMD -bone mineral density.
Results
All patients tolerated the procedure well. Follow-up was performed on every patient. The follow-up period ranged from 12 to 36 months, with a mean of 23.4 months. The mean operative time was 114.6 min (97-135), mean blood loss was 229.6 ml (203-272), mean volume of cement was 9.8 ml (8.5-11.5), and the mean hospital stay was 7.9 days (6-11).
The VAS grades, ODI scores, anterior heights of affected vertebrae, and kyphotic Cobb angles showed statistically significant differences between pre-and postoperative and between Table 2 ). The differences between posterior vertebral heights at each time point were not statistically significant (P>0.05; Table 2 ).
No neurological deterioration occurred postoperatively. Preoperatively, neurological function was divided into B (2 cases), C (4 cases), D (6 cases), and E grades (6 cases), based on the Frankel classification. Postoperatively, neurological function was divided into B (1 case), C (3 cases), D (5 cases), and E grades (9 cases). At the final followup, 2, 2, and 14 patients were classified as grades C, D, and E, respectively (Table 3) . Improved neurological function was observed in 12 patients at the final follow-up.
As shown in Figure 2 , the postoperative and final follow-up reviews revealed good internal fixation position and satisfactory posterior decompression. No serious intra-or postoperative complications were observed, such as renal failure and cardiopulmonary complications. A small amount of cement leakage occurred in 2 patients, but they were asymptomatic postoperatively. One patient had delayed wound infection, and was cured with conservative treatment. No obvious bone cement displacement occurred at the final follow-up. No loosening, displacement, or fracture of internal fixation occurred by the end of follow-up.
Discussion Diagnosis of Kümmell disease
Kümmell disease is an uncommon condition, occurring in adults older than 50 years, and mostly in women. The thoracolumbar junction, particularly the T12 vertebra, is the most commonly affected vertebral segment [6, 27] . Tsujio reported that the incidence of nonunion was 13.5% after 6 months of conventional conservative treatment and revealed a series of significant risk factors for nonunion, including the presence of a vertebral fracture in the thoracolumbar spine, presence of a middlecolumn injury, and a confined high-intensity or a diffuse lowintensity area in the fractured vertebrae on T2-weighted MR images [8] . Patients often have a history of minor trauma, or even no trauma history. The etiology and pathology are unclear. Most authors have suggested that Kümmell disease is secondary to ischemic necrosis of the vertebral body, and that vascular injury is responsible for impaired bone healing [5] [6] [7] 27 ].
The diagnostic criteria for Kümmell disease remain unclear. Kümmell disease was first diagnosed by Maldague in 1978 as a sign of vertebral collapse, characterized by a gas-density cleft within a transverse separation of the vertebral body [28] .
The IVC is a typical manifestation of Kümmell disease on imaging. Of the available imaging techniques, radiographs are the least sensitive for detecting an IVC, CT with coronal and sagittal reconstructed views is better, and MRI is the most sensitive method, as it demonstrates soft tissue characteristics, including marrow edema and fluid within the IVC [9] . Moreover, visualization of an IVC with MRI depends on whether the cleft is filled with gas or fluid. However, some reports suggested that IVC is not a specific sign of Kümmell disease, because a few patients with myeloma and infections also had an IVC [4, 29] . The development of Kümmell disease mainly occurs in 3 stages. First, spinal vertebral bodies are slightly injured by minor trauma, and sometimes even with no trauma. Second, vertebral bodies experience dynamic instability in the cleft area, and then fracture and bone collapse occur. In the last stage, the compressed, fractured vertebral body compresses the posterior spinal cord, leading to continuous back pain and other neurologic symptoms [30] . Clinically, Kümmell disease is diagnosed by delayed collapse of the vertebra and dynamic instability, and ultimately progresses to kyphosis with long-term back pain or nerve injury, combined with evidence of an IVC on MRI.
Treatment of Kümmell disease
The treatment of Kümmell disease has been controversial [18, 25] . Although the standard treatments require further study, some are accepted by the majority of surgeons. The treatment strategy mainly depends on several factors: age, comorbidities, bone quality, presence of neurological deficits, severity of kyphotic deformity, and pain severity [18, 31, 32] . For stage I and II patients without spinal canal stenosis, the purpose of the operation is to prevent abnormal movement at the diseased site and restore the sagittal sequence of the spine. The role of PVP and PKP in achieving pain relief, restoring the vertebral body height, and correcting deformity has been widely accepted [23] [24] [25] . Because persistent pain in Kümmell disease derives from motion in the IVC, excellent pain relief can be attained when the cleft is stabilized by filling with cement. In contrast, a small number of researchers suggested that vertebroplasty should be carefully considered, because the destructive process may further progress after surgery, with a theoretical risk of secondary displacement of the cement [27, [33] [34] [35] . Stage III Kümmell disease is characterized by the collapse of the posterior vertebral body wall and the formation of spinal canal stenosis and dural sac compression. However, the progression to cord compression is often slow, and most early cases may not have symptoms of spinal cord injury. For stage III patients with mild stenosis of the spinal canal and without neurological symptoms, the goal of treatment is to relieve back pain and prevent further collapse of the affected vertebra and delayed neurological deficits. However, few reports have discussed treatment for this presentation. PVP or PKP is probably unsuitable, because the surrounding vertebral cortex has already been compromised. The deficit of the posterior vertebral body wall in stage III Kümmell disease is very dangerous, as inserted cement can easily leak out. Internal fixation seems to be necessary in this condition. For stage III patients with severe stenosis of the spinal canal and neurological symptoms, the objective of surgery is to relieve cord compression, eliminate spinal instability, and restore the sagittal balance of the spine [18, 25] . Many fixation procedures have been developed to treat this presentation, including anterior-only, posterioronly, and combined anterior and posterior procedures [19] [20] [21] [22] . However, these are technically demanding and are associated with multiple complications, which are very dangerous in elderly patients with comorbidities [35] .
Techniques in this study
It is often difficult for patients with Kümmell disease to tolerate complex surgeries, because adults older than 50 years are usually affected, and may have many comorbidities or severe osteoporosis. Moreover, fixation surgery and body reconstruction have high complication rates in patients with severe osteoporosis. Therefore, a safe, effective, and less invasive treatment for Kümmell disease is needed. Short-segment, pedicle screw fixation combined with bone cement augmentation and posterolateral bone graft fusion can effectively eliminate intravertebral instability and segment motion. Many reports have suggested that the main factor in delayed neurological deficits following vertebral collapse in the osteoporotic spine is instability of the spinal column at the fracture site, rather than mechanical compression of the spinal cord by bone fragments [36] [37] [38] . Second, posterior screw stress is markedly reduced because of the anterior support provided by the intravertebral cement, which can reduce the risk of internal fixation failure. Third, screw loosening or displacement rarely occurs, because bone cement-augmented screws have a strong grip. Fourth, the retention effect of screws can reduce the risk of delayed bone cement displacement. Fifth, the cement leakage rate is visibly decreased; this greatly reduces the potential for nerve injury. Finally, short-segment fixation is not more invasive than instrumentation alone, and provides a shorter operative time and less blood loss, which is particularly important in the elderly with comorbidities. Many fixation procedures have been proposed to reverse the nerve damage in Kümmell disease with spinal canal stenosis. However, these often have high complication rates [31, 39] . Three complications were observed in this study, including asymptomatic cement leakage in 2 patients, and delayed wound infection in 1 patient. Compared with other surgical procedures, bone cement-augmented short-segment pedicle screw fixation had fewer complications.
However, some reports have suggested that the improvement in vertebral height and kyphosis angle gradually reverse after surgery, with a risk of further kyphotic deformity because of aggravated osteoporosis [27, 32, 35] . Compared with the findings on the first postoperative day, a small loss in kyphosis angle and height of the affected vertebra at the final follow-up was observed in this study, but the differences had no statistical significance (P>0.05). This may be related to the short followup time; hence, further observation is needed. Furthermore, previous studies also suggested that the severity of back pain might be unrelated to the severity of the kyphosis or the vertebral height loss [21, 40, 41] .
This study has some limitations. First, this was a retrospective, single-center study, and no method was adopted to ensure unbiased randomization. Second, the sample size was small, and long-term clinical outcomes and complications were not clear due to insufficient follow-up duration. Third, a prospective, randomized controlled study would better assess the feasibility and efficacy of bone cement-augmented short-segment screw fixation for Kümmell disease.
Conclusions
Bone cement-augmented short-segment pedicle screw fixation is a safe and effective operation for Kümmell disease, and can achieve satisfactory correction of kyphosis and vertebral height, with pain relief and improvement of neurological function, with few complications. This procedure is less traumatic than traditional fixation surgery, and can be very beneficial in elderly patients with comorbidities. However, the long-term clinical outcomes and radiological results require further evaluation.
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